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M
agnesium alloy is praised as a ‘green engineering 
material with great development potentiality and 
utilization prospect in the 21st century because of its excellent 
comprehensive properties. AZ and AM magnesium alloys are 
the most widely used magnesium alloys in industrial production, 
but their applications are seriously limited by their poor high-
temperature properties 
[1-2]. However, Mg-Zn-Al alloys have 
bright development and application prospects due to their 
excellent high-temperature mechanical properties and low cost. 
At present, the Mg-Zn-Al magnesium alloys, such as ZA104, 
ZA85 and ZA84 magnesium alloys draw considerable attention. 
But the application of Mg-Zn-Al base alloy is hindered by its 
low impact toughness. A previous study found that the impact 
toughness of ZA105 magnesium alloy was effectively improved 
with 0.1wt.% Sb addition, but its strength decreased slightly 
[3]. 
The research of Liao Huimin 
[4] and Wang Yingxin 
[5] showed 
that the grains were refined and the tensile strength was 
improved with an appropriate amount of RE addition in Mg-
Zn-Al magnesium alloy. In this paper, Ce-rich rare earth 
Abstract: To improve the comprehensive mechanical properties of Mg-10Zn-5Al-0.1Sb magnesium alloy, different 
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was added into the Mg-10Zn-5Al-0.1Sb magnesium alloy to 
improve its microstructure and comprehensive mechanical 
properties, especially the high temperature tensile strength.
1 Experimental procedure
The raw materials used in this experiment include pure Mg 
(99.9wt.%), pure Al (99.9wt.%), pure Zn (99.9wt.%), pure Sb, 
Ce-rich rare earth (RE), Al-10.0wt.%Mn and Al-4.0wt.%Be 
master alloys, as shown in Table 1. The Mg-Zn-Al magnesium 
alloys with 0.1wt.% Sb and different RE additions (0.5wt.%, 
1.0wt.%, 1.5wt.%, and 2.0wt.%) were prepared in a custom-
made crucible resistance furnace. Antimony (Sb) and Ce-rich 
RE were added at 780 ℃ and then held for 10 min to ensure 
their complete melting and homogeneous distribution in the 
melt. The melt was refined at 800 ℃ with self-made RJ6 flux 
and held for 20 min to allow the dross to sink to the bottom of 
the crucible. Then the melt was poured into the metal molds 
Table 1: Chemical compositions of experimental 
alloys (wt.%)
Alloy No.  Mg         Zn         Al       Mn          Be           Sb  RE
    1#  Bal.       10            5      0.25   0.02   0.1   0
    2#  Bal.       10          5      0.25   0.02   0.1  0.5
    3#  Bal.       10            5      0.25   0.02   0.1  1.0
    4#  Bal.       10            5      0.25   0.02   0.1  1.5
    5#  Bal.       10            5      0.25   0.02   0.1  2.0
Note: Chemical composition of RE (wt.%) is 50.11 Ce, 25.17 La, 16.58 Nd, 
5.37 Pr, 0.55 Fe, 0.26 Mg, 0.17 Mn, 0.02 Si and 0.02 Ca.CHINA FOUNDRY
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 Fig. 1: Microstructures of the 
experimental alloys with 
different RE addition: (a) 0, 
             (b) 0.5 wt.%, (c) 1.0 wt.%, 
             (d) 1.5 wt.%, and (e) 2.0 wt.%
alloys with different RE additions are shown in Figs. 1(a) to 
(e). It can be seen that the microstructure of the matrix alloy 
is mainly composed of the matrix phase and the secondary 
phases, which are rod-like phase and blocky phase evenly 
distributed in the matrix [Fig. 1(a)]. The microstructure clearly 
changes with the increase in the RE addition. The matrix of 
the alloy is refined gradually and the uniformly distributed 
secondary phases grow up with the increase in the RE 
addition. Especially when RE addition is 1.0wt.%, the alloy 
matrix microstructure was obviously refined. The small blocky 
secondary phases are homogenously distributed in the matrix, 
and some very fine needle-like phases appear in the alloy [arrow 
A in Fig. 1(c)]. With further RE addition, the matrix of the 
alloy becomes finer, but the secondary phase gradually become 
a continuous even network phase as shown in Figs. 1(d) and (e), 
and the fine needle-like phase also becomes longer [arrow B in 
Fig. 1(d)] and coarser [arrow C in Fig. 1(e)].
(preheated to 180 to 220 ℃) at 700 ℃. The specimens for 
tensile strength test were rods 6 mm in diameter and 30 mm 
in length, while the ones for metallographic observation and 
impact test were blocks with a size of 10 mm × 10 mm × 10 
mm. The microstructure observation was carried out using 
an Olympus GX71 optical microscope, a scanning electron 
microscope (SEM) with energy dispersive spectroscope (EDS). 
The fracture observation was conducted using an SEM. Phase 
constitution was identified by X-ray diffraction (XRD). The 
hardness and impact toughness were measured using an HB-
3000B Brinell machine and a JB-30B impact testing machine, 
respectively and the tensile strength was conducted on a 
DNS100 electronic testing machine.
2 Results and analysis
2.1 Effect of RE addition on microstructure
The microstructures of Mg-10Zn-5Al-0.1Sb magnesium 
Figures 2(a) and (b) show the X-ray diffraction analysis 
results of Mg-10Zn-5Al-0.1Sb alloy and the Mg-10Zn-5Al-
0.1Sb alloy with 1.0wt.% RE. It is reported that when the 
ratio of Zn and Al is about 2:1, a large amount of t-Mg32(Al, 
Zn)49 phase and f-Al2Mg5Zn2 phase appear in the alloy 
[6-8]. 
It can be seen in Fig. 2 that the t-Mg32(Al, Zn)49 phase and 
f-Al2Mg5Zn2 phase exist in both alloys with and without RE 
addition, which is consist with the reports quoted above. The 
Al4Ce phase and CeSb phase appear in the Mg-10Zn-5Al-
0.1Sb alloy with 1.0wt.% RE addition, however, the Mg3Sb2 
phase only exists in the alloy without RE addition. This is 
mainly because the CeSb has a high chemical stability, and 
all of the Sb atoms react with Ce and form CeSb compound 
during the solidification process 
[9].
The SEM morphology and EDS spectrum analyses of  alloys 
without and with 2.0wt.% RE addition are shown in Fig. 3 
and Fig. 4, respectively. Based on the XRD analysis in Fig. 2 
and the EDS spectrum analyses in Figs. 3 and 4, the matrix is 
identified as α-Mg (arrow A in Fig. 3), the isolated block phase 
is f-Al2Mg5Zn2 (arrow B in Figs. 3 and 4) and the continuous 
strip phase is t-Mg32(Al, Zn)49 (arrow C in Figs. 3 and 4). The   
needle-like phase is Al-RE phase which mainly consists of 
Al4Ce compound. It can be seen from Fig. 1 that the needle-
like phase does not exist when the RE addition is less than 
1.0wt.% but appears with further RE addition. The formation 
of the needle-like phase is mainly due to the aggregation and 
growth of the Al-RE phase. It also can be found that there 
is no rare earth element in the f-Al2Mg5Zn2 phase or the 
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 Fig. 3: SEM microstructures (a) and EDS elemental analysis in the alloy without RE addition: (b) 
EDS in region A, (c) EDS in region B, (d) EDS in region C
Fig. 2: XRD patterns of Mg-10Zn-5Al-0.1Sb magnesium alloy without (a) and with 0.5 wt.% RE (b)
t-Mg32(Al,Zn)49 phase, which suggests that the Al-RE phase 
can neither act as nucleation nuclei for the f-Al2Mg5Zn2 phase 
and the t-Mg32(Al, Zn)49 phase nor promote the nucleation and 
growth of these two phases.
2.2 Effect of RE addition on mechanical 
properties
The effects of the RE addition on the comprehensive 
mechanical properties of the Mg-10Zn-5Al-0.1Sb magnesium 
alloys are shown in Figs. 5(a) and (b). Figure 5(a) shows the 
tensile strengths of alloys with different RE additions at both 
room temperature (RT) and 150 ℃. It can be seen that the 
tensile strengths at both RT and 150 ℃ start increasing with 
the increase of RE addition and reach a maximum when the RE 
addition is 1.0wt.%. The peak values are about 196 MPa (RT) 
and 167 MPa (150 ℃), which are 15.98% and 11.33% higher 
than the values for the matrix alloy, respectively. However, 
the tensile strengths at both RT and 150 ℃ then decrease 
with further RE addition. Figure 5(b) shows that the hardness 
increases with the increase of RE addition. However, the 
impact toughness decreases with the increase of RE addition 
and is about 9 J·cm
-2 when the RE addition is 1.0wt.%, which is 
only 4.86% lower than the value for the matrix alloy. When the 
addition of RE exceeds 1.0wt.%, the impact toughness sharply 
declines. Therefore, considering the comprehensive mechanical 
properties, the optimal RE addition is 1.0wt.%.
2.3 Strengthening mechanism
During the solidification process of the Mg-10Zn-5Al-0.1Sb 
magnesium alloy, the Ce-rich rare earth reacts with Al and Sb 
atoms and forms the CeSb phase and Al-RE phase, in which the 
Al4Ce compound is the most common because Ce has little solid 
solubility in the α-Mg matrix 
[10-11]. These high melting point 
compounds are preferentially formed during the solidification 
process. Some evenly distributed particles refine the 
microstructure of the matrix and others concentrate at the liquid-
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Fig. 5: Effect of RE addition on the mechanical properties of Mg-10Zn-5Al-0.1Sb magnesium alloy
solid interface, which prevents the diffusion of Zn, Al atoms 
and makes the blocky secondary phases evenly distributed in the 
alloy, as shown in Figs. 1 (b) and (c). This effectively improves 
the tensile strengths at both RT and 150 ℃, especially when 
the RE addition is 1.0wt.%, the tensile strengths at both 
RT and 150 ℃ reach the maximum. When the RE addition 
exceeds 1.0wt.%, the secondary phases gradually connect 
together, forming a network structure, and a fine needle-like 
phase appears. The needle-like phase grows and coarsens 
with increasing RE addition, as shown in Figs. 1(d) and (e). 
These network and needle-like phases dissever the matrix and 
seriously reduce the tensile strengths at both RT and 150 ℃. 
The impact toughness gradually reduces with the increase of 
RE addition, and when the RE addition is over 1.0 wt.%, the 
impact toughness drops sharply. This is mainly due to the 
formation of a network of secondary phases and the rending 
effect of the needle-like phase on the matrix. The hardness of 
the alloy increases with the increase of RE addition, and that 
is mainly attributed to the pinning effect of the hard brittle Al-
RE phases at the dislocation and grain boundaries.
In addition, the grain refinement effect of the RE on 
magnesium alloy is a very important factor that enhances 
the tensile strength. Firstly, the viscosity of the liquid metal 
at the crystallization front increases and the convection 
decreases with the RE addition. This makes the diffusion of 
atoms difficult and the undercooling ahead of liquid/solid 
interface greater. The greater undercooling accelerates the 
nucleation of α-Mg crystal and then refines the matrix and the 
grains 
[13]. Also, the enrichment of the RE elements is another 
important factor that hinders the growth of grains during the 
solidification process.
3 Conclusions
(1) The Al-RE (mainly Al4Ce) phase and CeSb phase 
appear besides the α-Mg matrix, t-Mg32(Al, Zn)49 phase and 
f-Al2Mg5Zn2 phase in Mg-10Zn-5Al-0.1Sb magnesium alloy 
with RE addition, while the Mg3Sb2 phase, which exists in the 
matrix alloy without RE addition, is not found. This is because 
during the solidification process CeSb has a higher stability 
than Mg3Sb2, and all of the Sb atoms react with Ce to form 
CeSb compound, so the Mg3Sb2 phase is not produced.
Fig. 4: SEM microstructure (a) and EDS elemental analysis in the alloy with 2.0 wt.% RE addition: 
(b) EDS in position A, (c) EDS in position B, (d) EDS in position C
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(2) The secondary phases are evenly distributed in the matrix 
and the matrix is refined when the addition of RE is 1.0wt.%, 
and a few fine needle-like phases appear in the alloy. When 
the RE addition is over 1.0wt.%, the matrix is refined, but the 
secondary phases become a coarse network; at the same time, 
the fine needle-like phases become coarse.
(3) When the addition of RE is 1.0wt.%, the tensile 
strengths at both RT and 150 ℃ reach the maximum, 
196 MPa and 167 MPa, which are 15.98% and 11.33%, 
respectively higher than the values for the matrix alloy. Its 
impact toughness is 9 J·cm
-2, only 4.86% lower than that of 
the matrix alloy. When the RE addition is over 1.0wt.%, both 
the tensile strength and impact toughness reduce rapidly. The 
hardness increases with the increase of RE addition.
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